Aims/hypothesis The destruction of pancreatic beta cells leading to type 1 diabetes in humans is thought to occur mainly through apoptosis and necrosis induced by activated macrophages and T cells, and in which secreted cytokines play a significant role. The transcription factor nuclear factor kappa-B (NF-κB) plays an important role in mediating the apoptotic action of cytokines in beta cells. We therefore sought to determine the changes in expression of genes modulated by NF-κB in human islets exposed to a combination of IL1β, TNF-α and IFN-γ. Methods Microarray and gene set enrichment analysis were performed to investigate the global response of gene expression and pathways modulated in cultured human islets exposed to cytokines. Validation of a panel of NF-κB-regulated genes was performed by quantitative RT-PCR. The mechanism of induction of BIRC3 by cytokines was examined by transient transfection of BIRC3 promoter constructs linked to a luciferase gene in MIN6 cells, a mouse beta cell line. Results Enrichment of several metabolic and signalling pathways was observed in cytokine-treated human islets. In addition to the upregulation of known pro-apoptotic genes, a number of anti-apoptotic genes including BIRC3, BCL2A1, TNFAIP3, CFLAR and TRAF1 were induced by cytokines through NF-κB. Significant synergy between the cytokines was observed in NF-κB-mediated induction of the promoter of BIRC3 in MIN6 cells. Conclusions/interpretation These findings suggest that, via NF-κB activation, cytokines induce a concurrent antiapoptotic pathway that may be critical for preserving islet integrity and viability during the progression of insulitis in type 1 diabetes.
Introduction
Type 1 diabetes is an autoimmune disorder characterised by immune cell-mediated destruction of the beta cells in the islets of Langerhans in pancreas [1, 2] . In female NOD mice, a model of type 1 diabetes, autoimmunity is evident at approximately 3 to 4 weeks of age as infiltration of the perivascular ducts and peri-islet regions of the pancreas, initially by macrophages and dendritic cells, and subsequently by B and T lymphocytes [3] . Activated macrophages and T cells secrete soluble mediators like cytokines, including IL1β, TNF-α and IFN-γ, chemokines, nitric oxide and oxygen free radicals, which impair beta cell function and subsequently cause beta cell destruction, with overt disease typically occurring by 4 to 6 months of age [4, 5] . Although, the natural history of human type 1 diabetes is temporally more variable and is accompanied by less insulitis, the progression of autoimmune disease is similar to that in NOD mice [6] . The mode of beta cell death is considered to be primarily through apoptosis in rodent and human islets [7, 8] . Under in vitro conditions, acute exposure to IL1-β alone or in combination with TNF-α and/or IFN-γ induces severe beta cell dysfunction and death by apoptotic and necrotic processes in rodent islets [9, 10] .
Cytokines are known to activate nuclear factor kappa-B (NF-κB) pathway leading to changes in the expression of genes involved in apoptosis as well as in cell survival [11] . The transcription factor NF-κB consists of multiple subunits, including v-rel reticuloendotheliosis viral oncogene homologue A (RELA)/p65, v-rel reticuloendotheliosis viral oncogene homologue (avian) (cREL), bifunctional antitoxin/transcriptional repressor RelB (RELB), p50 derived from p105 and p52 derived from p100 [12] . The predominant species of this family are p65/p50 heterodimers, although other forms of homodimers and heterodimers also exist. The NF-κB/REL dimers are normally bound to inhibitor of kappa-B (IκB) isoforms under basal conditions. Phosphorylation of these IκB forms by IκB kinase leads to their ubiquitination and proteosomal degradation. Gene expression patterns induced by cytokines through NF-κB are reported to be predominantly proapoptotic in rat beta cells [13, 14] . Previous studies in other cell types have also reported cytokine-mediated induction of a number of anti-apoptotic genes including BIRC3, TRAF1 and TNFAIP3 through activation of NF-κB [15] [16] [17] .
The objectives of the present study were to: (1) examine the global gene expression response of human islet preparations to a combination of IL1β, TNF-α and IFN-γ using microarrays; (2) elucidate a common biological pattern by combining single-gene analysis with exploration of pathways by means of gene set enrichment analysis (GSEA); and (3) determine the role of NF-κB in the synergistic induction of the promoter of BIRC3, a caspase inhibitor, by cytokines in MIN6 cells, a mouse beta cell line. These studies demonstrated the importance of NF-κB pathway in the induction of anti-apoptotic genes by proinflammatory cytokines in human islets and MIN6 cells. We postulate that cytokines not only exert deleterious effects on human islets but also act concurrently to maintain functional integrity by inducing genes related to cell survival.
Methods
Islet procurement and culture Human islets were prepared by collagenase digestion by the Islet Cell Resource (ICR) Center at the University of Colorado at Denver using the Edmonton protocol (cold ischaemia time 4 to 9 h) (Approved by Institutional Review Board). All donors were brain-dead, heart-beating individuals from the state of Colorado who died in motor vehicle accidents. None had previous history of diabetes or inflammatory diseases. Islet purity (75-80%) and viability (76-96%) was determined by dithizone and Syto13/ethidium bromide staining respectively using standard operation procedures defined by the Clinical Islet Laboratory, SMRI, Edmonton, AB, Canada. Islets were precultured for 12 to 24 h in Miami media (CMRL 1066 supplemented media 99-603-CV; Mediatech, Hendon, VA, USA) containing 0.5% (wt/vol.) human serum albumin. Islets were exposed for 24 h to a mixture of IL1β (2 ng/ml; 100 U/ml), IFN-γ (10 ng/ml; 200 U/ml) and TNF-α (10 ng/ml; 1,000 U/ml) or IL1β (10 ng/ml; 500 U/ml), IFNγ (25 ng/ml; 500 U/ml) and TNFα (25 ng/ml; 2,500 U/ml) individually (Roche Applied Science, Indianapolis IN, USA) [18] [19] [20] .
RNA isolation and microarray Total RNA extraction, purification and labelling were performed as described previously [19] . Using standard Affymetrix protocol (Affymetrix, Santa Clara, CA, USA), 15 µg of biotinlabelled cRNA was hybridised to Human genome HG U133 Plus 2.0 microarray chips (Affymetrix) containing 54,675 probe sets representing around 22,000 unique genes.
Genome-wide expression and statistical analysis The initial data analysis, quality control and normalisation were performed by GC Random-Multiple array analysis using Bioconductor Project software (www.bioconductor.org, accessed 3 March 2009) [21] . Probes were analysed with an alternative annotation package that (1) removes badquality or redundant probes [22] , (2) discards about 30% of probes that do not reliably detect the expression of genes or align to more than one gene and (3) reduces the number of genes represented on Affymetrix HGU133 plus 2.0 chips to 17814. A permissive filtering was applied to each gene to include those genes that had an expression intensity of log2 (10) or higher in at least two conditions. Differential expression analysis was assessed by linear models and empirical Bayes moderated F statistics [23] . Genes were considered significant if adjusted p values (corrected by Benjamini and Hochberg's procedure for multiple hypothesis testing) were below 0.1 [23] .
Gene set enrichment analysis Genome-wide expression profiles were divided into two classes (untreated and cytokine-treated) and compared with sets of genes that are grouped together in the same metabolic pathway or share similar Gene Ontology function derived from ten publicly available and manually curated databases (GSEA version 2.0, C2, Molecular Signature Database, MsigDB). The detailed mathematical description of the GSEA methodology [24, 25] and software can be found at www.broad.mit. edu/GSEA/ (accessed 3 March 2009).
BIRC3 promoter analysis by transient transfection The promoter region of BIRC3 contains three NF-κB sites of which two (A and B) have been shown to be responsive to cytokines [26] . The following promoter constructs of BIRC3 linked to firefly luciferase reporter were generated as described earlier [15] : (1) the full-length promoter of BIRC3 (−1931 to +27); (2) truncated promoter with NF-κB sites (A and B) (−242 to +27); (3) truncated promoter with one NF-κB site (B); and (4) truncated promoter without NF-κB sites (−107 to +27). Plasmids expressing p65 and super-repressor of IκB (SR-IκB) were provided by T. Okamoto (Department of Molecular and Cellular Biology, Nagoya University, Nagoya, Japan) [27] and A. Rabson (Center for Advanced Biotechnology and Medicine, Piscataway, NJ, USA) [28] respectively. Transient transfections in MIN6 cells, a mouse pancreatic beta cell line (passage numbers [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , were carried out using a reagent (LipofectAMINE 2000; Invitrogen-Life Technologies, Carlsbad, CA, USA) [29] . A constitutively active renilla luciferase (pRL-TK-luc) was included to correct for transfection efficiency. After 6 h, the transfected cells were exposed to 1 ng/ml of IL1β (5 U/ng), 5 ng/ml of TNF-α (100 U/ng) and 5 ng/ml of IFN-γ 50 U/ng, alone or in combinations, for 24 h. These cytokine concentrations are comparable to those used in previous reports [30, 31] . Luciferase activity was measured in the cell lysates using a dual luciferase assay kit (Promega, Madison, WI, USA).
Real-time quantitative RT-PCR Total RNA was isolated from cytokine-treated MIN6 cells using a kit (Versagene RNA isolation kit; Qiagen, Valencia, CA, USA). The mRNA levels of Birc3, Bcl2A1, Cflar, Tnfaip3, Traf1 and Fas were measured by real-time quantitative RT-PCR using Taqman probes as described [32] . The sequences of forward and reverse primers and fluorescently labelled probes are listed in Electronic supplementary material (ESM) Table 1 . The mRNA levels for all genes were normalised to 18S ribosomal RNA. The expression of corresponding genes in human islets exposed to cytokines was determined by Assay on Demand (Applied Biosystems, Foster City, CA, USA) and normalised to HPRT1.
Immunocytochemistry MIN6 cells were cultured on cover slips, fixed in 4% (wt/vol.) paraformaldehyde and washed with PBS. They were permeabilised for 90 min at room temperature with PBS containing 0.2% (vol./vol.) Triton X-100 and 5% (wt/vol.) BSA, followed by exposure to the primary antibody (anti-p65; 1:250) at 4°C overnight. The cells were washed in PBS, incubated in the presence of the secondary antibody linked to Cy3 (anti-rabbit) and DAPI (2 μg/ml; nuclear staining) for 90 min at room temperature. The cells were then washed in PBS, mounted on slides with mounting medium and examined by fluorescent microscopy.
Statistics Statistical analysis was performed by one-way ANOVA with Dunnett's multiple comparison test.
Results
Global gene expression patterns in cytokine-treated human islets Affymetrix HG U133 Plus 2.0 gene chips that enable concurrent analysis of 54,675 probe sets were used to analyse global gene expression profile of human islet preparations exposed for 24 h to IL1β, TNF-α and IFN-γ. The islets exhibited profound changes in the expression of a number of genes, many of which have been previously documented either in cytokine-exposed rodent islets or pancreatic beta cells purified by flow cytometry [14, 33] . Taking into account alternative annotations, we obtained information on expression of 17,814 genes [22] . At a false discovery rate cut-off value of 0.1, 572 gene transcripts were upregulated (ESM Table 2 ) and 406 genes were downregulated by the cytokines (ESM Table 3 ). In addition to the induction of apoptotic genes including CASP7, BID, TNFRSF1B, FAS and TNF, a number of anti-apoptotic genes including BIRC3, BCL2A1, CFLAR, TNFAIP3 and TRAF1 were also upregulated.
Gene set enrichment analysis To understand the biological pathways modulated by the cytokines, we focused on metabolic and signalling pathways compiled in GSEA and capable of revealing significant changes even though the average change per gene might only be 20% [25] Validation of microarray data by quantitative PCR The upregulation of BIRC3, BCL2A1, CFLAR, TNFAIP3, TRAF1 and FAS by cytokines in human islets was validated by real-time RT-PCR (Fig. 1) . A combination of cytokines (IL1β, TNF-α and IFN-γ) increased the expression of BCL2A1 by 11-fold and other genes by three to fourfold. When islets were exposed to individual cytokines, even at higher concentrations, upregulation of BIRC3, BCL2A1 and FAS by IL1β or TNF-α was moderate. However, no significant increase in the levels of CFLAR, TNFAIP3 and TRAF1 were observed when islets were exposed to individual cytokines. These findings suggest that the cytokines act synergistically to induce many of these genes. To determine whether cytokines induce these genes through NF-κB, we used Bay 11-7085, an inhibitor of IκB phosphorylation (Fig. 1g, h ). NF-κB normally resides in the cytoplasm bound to the inhibitor, IκB. When IκB is phosphorylated and undergoes proteosomal degradation, NF-κB translocates to nucleus and drives the expression of its target genes. The addition of 7.5 μmol/l Bay 11-7085 to cultured islets decreased cytokine-mediated induction of BIRC3, BCL2A1, CFLAR, TRAF1, TNFAIP3 and FAS by 45% to 65% (p<0.01) suggesting a role for NF-κB. Immunohistochemical localisation of baculovirus IAP repeat (BIR)3 was also noted in insulin-positive islet cells with cytokine exposure (ESM Fig. 1) . Expression of these genes was also analysed in islets after 72 h of cytokine exposure. The upregulation of many of the anti-apoptotic genes by cytokines was completely lost at this time point (ESM Fig. 2) , accompanied by increased cell death as noted by TUNEL staining (data not shown). Fig. 1 Gene expression analysis in cytokine-treated human islets. Human islets (3,000 islet equivalents [IEQ]) were cultured for 24 h in the presence of the indicated cytokines alone or in combination (Mix), and in the absence or presence of 7.5 μmol/l Bay 11-7085 (Bay). Total RNA was isolated and the mRNA levels of a BIRC3, b BCL2A1, c CFLAR, d TNFAIP3, e TRAF1 and f FAS were determined by quantitative RT-PCR using Taqman probes and normalised to HPRT1. The results are mean±SE. **p<0.01 compared with untreated controls (C); † p<0.01 vs a combination of cytokines. g, h Human islets (3,000 IEQ) were cultured in the presence of a combination of cytokines (Cyt), in the absence and presence of Bay 11-7085 (Bay) for 3 h. The treated islets were processed for immunoblot analysis g of phosphorylated IκBα. Blots were reprobed for beta actin. The bands were quantitated h by scanning densitometry and corrected for beta actin. ***p<0.001 compared with untreated controls; ‡ p<0.001 vs a combination of cytokines. C, control; IF, IFN-γ; IL, IL1-β; TN, TNF-α NF-κB-dependent induction of anti-apoptotic genes in MIN6 cells To determine whether cytokine-mediated induction of anti-apoptotic genes was not restricted to human islets alone, we measured the mRNA levels of these genes in MIN6 cells exposed to a mixture of cytokines for 6 to 24 h (Fig. 2) . A time-course of induction of these genes by cytokines showed ten-to 23- 
, belongs to the family of inhibitors of apoptosis (IAP), which play a role in cellular recovery from apoptosis [34] . Therefore, to determine whether NF-κB facilitates this process, the regulation of BIRC3 expression by cytokines was further examined at the promoter level by Fig. 2 Gene expression analysis in cytokine-treated MIN6 cells. MIN6 cells cultured in 100 mm dishes were exposed to a combination of IL1β (1 ng/ml), TNF-α (5 ng/ml) and IFN-γ (5 ng/ml) in the absence or presence of 10 μmol/l Bay 11-7085. Total RNA was isolated from cytokine-treated MIN6 cells and the mRNA levels of a Birc3, b Bcl2a1, c Cflar, d Tnfaip3, e Traf1 and f Fas were measured by real-time quantitative RT-PCR and normalised to 18S ribosomal RNA. The results are mean±SE of four independent experiments. ***p<0.001 compared with untreated controls; † p<0.001 vs cytokines. White bars, control; grey bars, Bay 11-7085; black bars, cytokines; hatched bars, cytokines and Bay 11-7085 Fig. 3 Induction of BIRC3 promoter by cytokines through NF-κB responsive sites. MIN6 cells cultured to~70% confluence were transfected with a luciferase reporter gene driven by a the full-length BIRC3 promoter (−1931 to +27) or truncated promoters with b two (A and B) NF-κB sites (−242 to +27), c one (B) NF-κB site (−205 to +27) or d no NF-κB site (−107 to +27) of BIRC3 gene, along with constitutively active renilla luciferase (for transfection efficiency). After 6 h of transfection, the cells were exposed to cytokines IL1β (IL; 1 ng/ml), TNF-α (TN; 5 ng/ml) or IFN-γ (IF; 5 ng/ml) alone or in different combinations. Firefly and renilla luciferase activities were determined 18 h later using a dual luciferase assay kit (Promega). The ratio of the two luciferase activities was taken as the activity of the promoter construct being examined. The results are mean±SE of six independent experiments. ***p<0.001 vs control; † p<0.001 compared with indicated individual cytokines. C, control; IF, IFN-γ; IL, IL1-β; TN, TNF-α transient transfection in MIN6 cells. The effects of individual cytokines on the activity of human BIRC3 promoter linked to a luciferase reporter construct are depicted in ESM Fig. 3 . TNF-α was found to induce the reporter in a dose-dependent manner, up to fourfold at 20 ng/ml. IL1β was a weaker inducer with a twofold increase at 1 ng/ml. IFN-γ did not induce BIRC3 promoter activity significantly even at 20 ng/ml. The induction of BIRC3 by cytokines may be cell type-dependant, as a previous study reported stronger induction by cytokines, especially by IL1β in HeLa cells [26] and by TNF-α in H441 and A549 pulmonary epithelial cells, but not in U937 cells [35] .
Synergy between cytokines in the induction of BIRC3 promoter Induction of BIRC3 promoter by TNF-α was further potentiated by IL1β (55%; p<0.001). IFN-γ did not induce BIRC3 promoter on its own; however, it enhanced TNF-α action significantly (p<0.001) by 158%. A combination of IL1β, TNF-α and IFN-γ showed around 700% induction, a value that is significantly (p<0.001) greater than the sum of effects seen with individual cytokines, suggesting a synergy between them. Cytokine-mediated induction of a truncated BIRC3 promoter that retained both NF-κB response elements (A and B) was similar to that of the full-length promoter (Fig. 3a,b) . Deletion of one of the response elements (A) resulted in partial loss of induction (Fig. 3c) . Cytokines did not induce BIRC3 promoter significantly when both NF-κB response elements (A and B) were deleted (Fig. 3d) .
NF-κB-mediated induction of BIRC3 promoter by cytokines To confirm the role of NF-κB in cytokine action, two methods were used to inhibit this pathway. First, the addition of Bay 11-7085, an inhibitor of IκB phosphorylation, decreased induction of BIRC3 by cytokines (Fig. 4a) . Second, cotransfection with SR-IκB, a mutant of IκB that cannot be phosphorylated, resulted in significant blocking of induction by cytokines (Fig. 4b) . Overproduction of the p65 subunit of NF-κB complex resulted in increased basal promoter activity of BIRC3 by 2.5-fold, but subsequent exposure to cytokines did not lead to additional induction. We also observed that the nuclear localisation of p65 was inhibited by Bay 11-7085 (Fig. 4c) .
Activation of caspase-3 by cytokines To determine the effects of cytokine treatment on the survival of MIN6 cells, activation of caspase-3, a marker of apoptosis, was examined. When the MIN6 cells were exposed to individual cytokines for 24 h, TNF-α alone activated caspase-3, its action being potentiated by IL1β and IFN-γ (Fig. 5a) . A combination of all three cytokines caused maximum activation of caspase-3. When MIN6 cells were incubated in the presence of a combination of cytokines for 6 to 24 h, significant activation of caspase-3 was seen by 18 h, which increased further at 24 h (Fig. 5b) . However, no overt apoptotic cell death was observed by TUNEL assay (results not shown).
Discussion
The proinflammatory cytokines IL1β, TNF-α and IFN-γ play an important role in beta cell apoptosis in autoimmune Fig. 4 Induction of BIRC3 promoter by cytokines through NF-κB. a MIN6 cells transfected with BIRC3-luc were exposed for 24 h to a mixture of cytokines (IL1β 1 ng/ml, TNF-α 5 ng/ml, IFN-γ 5 ng/ml) in the absence or presence of increasing concentrations of Bay 11-7085 (Bay). Firefly and renilla luciferase activities were determined in the cell lysates. The values represent mean±SE of four independent experiments. ***p<0.001 vs cytokines without Bay. b MIN6 cells were transfected with BIRC3-luc and p65 or SR-IκB or vector. Transfected cells were exposed to a combination (Cyt) of IL 1-β (1 ng/ml), TNF-α (5 ng/ml) and IFN-γ (5 ng/ml) for 24 h and luciferase activities were determined. ***p<0.001 compared with untreated controls; † p<0.001 vs untreated vector control. c MIN6 cells cultured on coverslips were exposed to Bay 11-7085 (Bay) or a mixture of cytokines or both for 3 h. Treated cells were fixed in 4% paraformaldehyde, permeabilised and immunostained for p65 (Cy3; red). The nuclei were stained with DAPI (blue). Images were examined by fluorescent microscopy diabetes. A large body of in vitro experiments suggests that cytokine-induced NF-κB activation is an important signalling event in triggering beta cell apoptosis [13, 14, 36, 37] . NF-κB has been suggested to be pro-apoptotic in beta cells, whereas it is anti-apoptotic in other cell types [16, 38] . By combining global gene analysis via GSEA and quantitative RT-PCR analysis, we demonstrate here that cytokines upregulate several anti-apoptotic genes, including BIRC3, BCL2A1, CFLAR, TNFIAP3 and TRAF1, through NF-κB-mediated signalling in human islets. We also demonstrate that the cytokines induce the promoter of anti-apoptotic Birc3 through NF-κB activation synergistically in MIN6 cells, a mouse beta cell line.
Increased expression of NF-κB1, NF-κB2 and RELA subunits of REL/NF-κB transcription factors in cytokinetreated human islets was observed. The target genes of NF-κB as follows were upregulated by exposure of human islets to a combination of IL1β, TNF-α and IFN-γ: (1) cytokines/chemokines and their modulators (IL1α, IL1β, IL6, IL8, IP10, CXCL1, lymphotoxin β, MIP1α, MIP-2, RANTES, TNFα); (2) immunoreceptors (β2 microglobulin); (3) antigen presentation (TAP1); (4) cell adhesion (ICAM1); (5) acute-phase proteins (complement factor B, urokinasetype plasminogen activator, COX2); (6) cell surface receptors (LOX1); and (7) Cytokine combination: IL1β (2 ng/ml), TNF-α (10 ng/ml) and IFN-γ (10 ng/ml) a Genes that may play a protective role in islet survival and INF-γ alone [19] have been previously reported. This is the first report to show that exposure of cultured human islets to a combination of IL1β, TNF-α and IFNγ results in upregulation of several anti-apoptotic genes via NF-κB, namely BIRC3, BCL2A1, CFLAR, TNFAIP3 and TRAF1 (Table 1) . Expression of these genes was confirmed by realtime quantitative RT-PCR using Taqman probes (Fig. 1) . Among these genes, cytokine-mediated induction of TNFAIP3 alone has been reported previously in human islets [40] . The probable reason for our findings on other anti-apoptotic genes could be the use of a combination of IL1β, TNF-α and IFN-γ. IL1β and TNF-α are known to activate NF-κB whereas IFN-γ acts primarily through Janus kinase-mediated activation of the transcription factor STAT-1 [41] . In the present study, significant induction of many of these genes was seen only when a combination of three cytokines were used (Fig. 1) . We also observed that IFN-γ enhanced induction of BIRC3 promoter by TNF-α through activation of NF-κB (Fig. 4) . The effects of IFN-γ were lost after deletion of NF-κB response elements in BIRC3 promoter. Additionally, maximum induction of BIRC3 promoter was observed when all three cytokines were combined, whereas this synergistic effect was lost when MIN6 cells were cotransfected with IκBα super repressor and by the inhibitor Bay 11-7085. The molecular mechanism of beta cell death by apoptosis is not fully understood. The products of antiapoptotic genes induced by NF-κB signalling (Fig. 1) are known to promote cell survival by acting at several critical steps in the extrinsic and intrinsic pathways of apoptosis. In the extrinsic pathway, the death receptors, when bound to ligands, recruit the adaptor protein Fas-associated death domain (FADD), which in turn recruits caspase-8 to form the death-inducing signalling complex (DISC). Caspase-8 and FADD-like apoptosis regulator (CFLAR) binds to FADD within DISC and inhibits caspase-8 activation. TNF receptor-mediated signalling, which also leads to caspase-8, is inhibited by TNF-α-induced protein 3 (TNFAIP3) and TNF receptor-associated factor 1 (TRAF1), a member of TRAFs family. TNFAIP3 has been shown to protect a mouse beta cell line and rat islets from cytokines [17, 40] . The intrinsic pathway of apoptosis is regulated by the proand anti-apoptotic B-cell lymphoma 2 (BCL2) family of proteins. The anti-apoptotic BCL2-related protein A1 (BCL2A1) inhibits the release of cytochrome C, which activates caspase-9. BIRC3, a caspase inhibitor, inhibits both pathways of apoptosis. The IAP are a conserved family of proteins that inhibit caspases and play a role in cellular recovery from apoptosis [34] . The IAP family is characterised by the presence of one or more 70 to 80 AA BIR domains and in humans include BIRC1, BIRC2, BIRC3, BIRC4, BIRC5, BIRC6, BIRC7 and BIRC8. Equilibrium between apoptosis-inducing caspases and IAPs is an important checkpoint during the induction of apoptosis. BIRC3 triggers the proteosomal degradation of caspases by binding to them through the really interesting new gene domain [34] . Thus NF-κB-regulated genes provide multiple checkpoints when apoptosis is induced as a cytoprotective response.
A considerable amount of microarray data on cytokinemediated NF-κB-regulated gene expression patterns in beta cells are available from the reports of Eizirik and coworkers [14, 37, 42] . These studies suggest that NF-κB-mediated induction of pro-apoptotic genes predominantly mediates beta cell death in type 1 diabetes. Some of these pro-apoptotic genes could exert delayed indirect effects. For example, NF-κB-dependent inducible nitric oxide synthase generates nitric oxide, which causes beta cell dysfunction and death [43] . Furthermore, FAS-mediated extrinsic pathway of apoptosis interacts with the intrinsic mitochondrial pathway through generation of truncated Bid, which induces the release of cytochrome C from the mitochondria [44] . Cytokines could also induce apoptosis through NF-κB-independent pathways including activation of c jun Nterminal kinase [45] . Thus, beta cell death induced by cytokines could result from late events triggered by NF-κB-regulated pro-apoptotic genes and NF-κB-independent signalling pathways. Considering the complex nature of cytokine-mediated signalling, it is difficult, on the basis of the array of genes induced, to ascertain that NF-κB is predominantly pro-apoptotic. Although NF-κB-mediated protective pathways may seem to be transient or overshadowed by the pro-apoptotic response to cytokines, they can be critically exploited both in vivo and in vitro to sustain islet survival.
Widespread overt apoptosis measured by TUNEL assay (data not shown) was not evident in cytokine-treated human islets or MIN6 cells at 24 h. We did, however, observe the activation of caspase-3 by 18 to 24 h in MIN6 cells (Fig. 5) . It has been suggested that intervention downstream of caspase activation could allow functional recovery through IAP families [34] . A time-course of gene expression analysis (Fig. 2 ) in MIN6 cells exposed to cytokines revealed a stronger induction of anti-apoptotic genes in the early phase up to 6 h, which is not sustained over time. For example, Birc3 and Tnfaip3 were induced by 10-to 20-fold at 6 h compared with three-to eightfold induction at 24 h, suggesting that initially pro-and anti-apoptotic pathways are both induced. However, after continued exposure to cytokines, the cell death pathway seems to prevail. As such, autoimmune destruction of beta cells can be seen as a slow process, with induction of anti-apoptotic genes possibly playing a role in prolonging beta cell survival by opposing the effects of the pro-apoptotic pathway.
Previous studies have reported conflicting results on beta cell survival after blocking NF-κB activation. For example, adenoviral transduction of rat beta cells [36] and human islets [46] with NF-κB repressor leads to inhibition of cytokine-induced apoptosis suggesting a pro-apoptotic role for this transcription factor. A recent study demonstrated in an inducible transgenic mouse model that beta cell-specific inhibition of NF-κB results in protection against low-dose streptozotocin-induced diabetes [47] . In contrast, accelerated development of autoimmune diabetes has been reported in transgenic NOD mice expressing a repressor of NF-κB in beta cells [48] . Another study observed that inhibition of NF-κB sensitises cultured beta cells to TNF-α-mediated apoptosis [49] . These reports and our current findings suggest that by selective inhibition of the pro-apoptotic effects of NF-κB, therapeutic strategy in type 1 diabetes could be further improved. Future studies should examine the effects of the members of NF-κB/IκB families on gene targets to determine if such selective modulation is feasible.
